Abstract -Bearing in mind the importance of pruning as a silvicultural treatment in cork oak (Quercus suber L.) open woodland of the dehesa type, an experiment was designed to assess the effect of pruning on cork yield. This work was carried out in two ways: synchronically, comparing pruned sites with others which were either unpruned or pruned at different times, and diachronically, comparing pruned and unpruned trees within the same site. The five test sites (with forty trees in the synchronic and eighty in the diachronic plots) were selected in south-west Spain. In all cases measurements of the cork production were made in kilos per square metre of surface stripped, total cork yield per tree, and the mean thickness of stripped cork. Analysis was carried out using a paired data comparison test. The effect of pruning on yearly cork growth was also analysed by examining the annual growth rings. In the five plots analysed there were no significant differences (95% confidence intervals) between pruned and unpruned trees in terms of kilos of cork produced per square metre of surface stripped, nor for total cork yield per tree. Neither were there significant differences in annual cork growth rings, even when the pruning was carried out during the cork-stripping period.
INTRODUCTION
The pruning of cork oaks, as carried out in the traditional exploitation of open cork oak dehesa (open woodland), has been controversial for long time, both in theory and in practical application. However the available information is insufficient to form an objective and rational opinion on this important silvicultural and economic practice.
Some experiments were carried out in Portugal, designed to determine the effects of pruning on cork growth, yield and acorn production; and the results were published by Natividade [11] [12] [13] [14] and Santos and Rodrigues [17] . The only experimental work in this field in Spain has been that of Montero and Curras [10] , designed to quantify firewood and virgin cork obtained by moderate pruning.
The so-called formation pruning, to rectify deformed trunks or branch distribution in the young tree, is highly valuable in the long term. It increases the yield and enhances cork quality by reducing the cork wastes and extraction costs. results in more regular and sustainable acorn production, and reduction in crown cover favouring cereal crops and the supply of grazing for cattle.
Light or moderate pruning is good for the tree, in general, ridding it of overshadowed or weak branches with a negative energy balance, and for increasing the acorn yield. This is particularly true on nutrient-poor soils and where there is a summer water supply deficiency. This type of pruning does not reduce diameter growth, and may even slightly increase it at times [7, 8] .
The economic costs of light or moderate pruning are, however, very high. As a result, attempts to compensate for this by incoming from firewood, charcoal or virgin cork, lead to increase the intensity of pruning. Thus, pruning is usually very intensive or even excessive. This in turn means that pruning may have to be carried out more often, in order to correct imbalances in the crown.
Another drawback of intense pruning is that it is followed by periods of little or no fruit production, since allocation is made to crown restoration and reduce the imbalance between aerial and root biomass, usually by means of sucker sprouts or epicormic shoots. Such excessive pruning is not justified from the point of view of fruit production, since it reduces the productive surface. Although there may be abundant acorns on the few remaining branches, this has not been shown to result in increased overall production. Moreover, the remaining crown surface available for photosynthetic activity may be so reduced as to lead to a serious slowing of diameter growth [7] .
However the lack of knowledge about the effect of silvicultural practices (e.g. pruning thinning, debarking levels) that are usually applied in cork oak stand management, on tree and cork growth, make difficult the develop and validate growth and yield models for cork oak stands [16] .
For these reasons, we set up experiments with the aim of quantifying the effect of pruning on cork yield. This was done by comparing pruned with unpruned trees in relation to cork yield per tree, production of cork for each square metre stripped, and annual cork growth. Other aspects of physiological nature were not taken into consideration.
MATERIALS AND METHODS

Description of experimental sites
This work was carried out in two ways: synchronically, comparing pruned sites with others which were either unpruned or pruned at a different time, and diachronically, where pruning was performed in the middle of the cork-cropping cycle within a group of trees, comparing these with others which had not been pruned.
Synchronic study: characteristics of the sample
The choice of sites was made after a complete examination of the cork oak dehesas of Cáceres province. The advantage of this type of woodland was that it allowed sites to be selected in which there had been pruning in previous years, thus allowing us to measure the responses of the tree to treatment without having to carry out the treatment first and then wait for a whole cork-cropping cycle to pass. It also allowed us to quantify the effects of pruning carried out many years before. One disadvantage is that we do not have information or proper estimates assessing the intensity of pruning.
In each plot, trees were selected to cover the whole of the existing diameter range, and so that the treatments (pruned/unpruned trees, or those with different pruning dates) could be represented by paired data, with trees of the same or very similar circumference over cork (COC), and similar stripping height of trunk (SH). The paired trees were very close together, and had the same ecological and silvicultural characteristics, with the exception of pruning treatment. The sites (figure 1) are described as follows:
"La Hergüijuela": Located in 39º 51' N, 5º 55' W, UTM: 30S TK01. In 1994 a sample of 22 trees pruned in the winter of 1990 and another 22 trees, which had not been pruned for at least twenty years were selected. Cork stripping was carried out in June 1994, after a rotation cycle of eleven years.
Valcorchero wood, zone 1: Located in 40º 05' N, 6º 10' W, UTM: 29S QE53. In October 1992 a sample of 20 trees pruned in the winter of 1989, four years before stripping, and another 20 trees pruned in 1980 (during the previous cork-production cycle) were selected. The cork stripping was carried out in July 1994, after a 10-year cycle.
Valcorchero wood, zone 2: Located in 40º 05' N, 6º 10' W, UTM: 29S QE53. In October 1992 a sample of 20 trees pruned in the winter of 1991 and another 20 trees not pruned (for at least twenty years) were selected. Cork stripping was carried out in June 1995, after a 10-year cycle. The climate is continental Mediterranean and the potential vegetation is that of the Sanguisorbo agrimonioidis-Quercetum suberis [15] type of cork oak forest in all of the sites.
The two sub-sections of each site were laid out together, so that the trees inside them were as similar as possible in size, appearance, silvicultural characteristics and state of health. In this way, any differences in yield could be attributed mainly to the pruning treatment carried out. The intention, then was to compare trees pruned three or four years before stripping with others pruned 13-14 years before (i.e. during the previous cycle), or not pruned for at least twenty years.
Diachronic study: characteristics of the sample
In order to maintain a rigorous control over the treatment, pruning was carried out in two test areas. This was performed by staff used to this kind of silvicultural treatment, but advised and checked by ourselves. Thus the intensity of pruning on all trees was similar, and was evaluated at the same time.
"El Dehesón del Encinar" estate: Located in 39º 50' N, 5º 05' W, UTM: 30S UK23. Pruning was carried out in December 1993 on 40 trees, and these were compared with 40 others left unpruned. Cork stripping took place in August 1998, at the end of a ten-year cycle.
"Las Cansinas del Oeste" estate: Located in 39º 58' N, 6º W, UTM 30S TK51. Pruning was carried out in December 1993 on 40 trees, and these were compared with 40 others left unpruned. Cork stripping was in June 1998, after a 9-year cycle.
Both sites have a continental Mediterranean climate and the potential vegetation of the area where data was gathered is that of Sanguisorbo agrimonioidis-Quercetum suberis type of cork oak forest according to Rivas Martínez [15] .
The trees were selected in pairs according to their circumference over cork at breast height, covering all the diameter classes present in the area. One of the samples consisted of 40 trees which were not going to be pruned, and the other of 40 trees which were pruned four years after stripping.
The pruning consisted mainly of eliminating low branches wherever possible, reducing crown diameter, leaving some branches in the middle of the crown which would overshadow first-order branches and assure a round-shaped crown. Particular attention was paid to avoid rot, by not leaving horizontal cut surfaces liable to accumulate of rainwater. Attention was also paid to maintain crown balance and branches above 20 cm base diameter were not cut. The remaining branches were cleaned of dry or withered twigs [10] .
It is difficult to quantify the intensity of pruning, since this depends on the initial number of branches and the number of branches cut off. Effort was made not to cut more than 30% of crown volume, only exceeding this limit where the shape of tree or crown made it advisable for the future growth of the tree. A rule maintained by specialists is that the ideal intensity of pruning is that where the tree does not respond by throwing out suckers, or at least only very few. In the two sites only 8% and 10% of the trees sprouted relatively profusely, indicating that they had been pruned more heavily. It can thus be deduced that pruning was of moderate to strong intensity.
The pruning intensity was estimated considered the biomass cut off in relation with the circumference over cork by tree according with Montero and Curras [10] .
Data gathering
In each plot the trees were individually identified and numbered, and the following data measured: -Breast height circumference over cork (COC) and under cork (CUC) to the nearest centimetre.
-Base circumference (BC), mid-point (MC) and the top (TC) of the trunk in centimetres.
-Height of cork stripping in trunk (SH), to the nearest centimetre. -Mean circumference (BC i ) and stripped length (BL i ) of each stripped branch.
-Total cork weight (green matter), immediately after stripping, to the nearest 25 g. -Mean thickness of cork for each tree, calculated by averaging the thickness of three cork planks selected at random immediately after being removed from the tree, and the thickness measured at two mid-points of each plank.
-Two pieces of cork measuring about 20 × 20 cm were random collected from each tree and taken to the laboratory. A thin slice was cut, one of its faces was sanded, and a microscope was used to measure annual cork growth.
-Biomass cut off during pruning was weighed (in kg) for each pruned tree in the El Dehesón del Encinar site (40 trees), and in an additional sample of 27 trees selected so as to include all the diameter classes present in the Las Cansinas site. Samples of biomass were taken in order to estimate the humidity (oven-dried at 105 ºC till constant weight). Later the biomass was sorted into two groups: firewood (branches over 5 cm in diameter, with virgin cork) and brushwood (branches under 5 cm in diameter with leaves).
On the basis of the variables measured in the field, other variables were defined, characterising the tree as a producer of cork: -Surface stripped from the trunk (SST), from branches (SSB) and in total (SS).
-Weight of cork per square metre of stripped surface (WCSM) in kg m -2 .
-Mean thickness of cork (MTC), in mm.
-Coefficient of stripping (CS): quotient of the maximum length of cork stripping and the beast height circumference over cork.
-Intensity of stripping (IS): quotient of the total stripped area (SS) and the sectional area under cork at 1.30 m (CUC):
The stripping height on trunk and branches was maintained and therefore no virgin cork was obtained from stripped trees.
Statistical treatment
Treatments were examined for statistically significant differences. Variance analysis was carried out, taking the data as a design of completely random blocks for each of the variables under consideration. Paired comparisons were also made, using the t-test.
In order to estimate the biomass removed, the variable most closely correlated with weight was selected, and linearized allometric equations were adjusted by Napierian logarithms.
RESULTS
Pruning quantification for Las Cansinas and El Dehesón
Average figures for biomass obtained from pruning in the plots in El Dehesón del Encinar and Las Cansinas are shown in table I. Depending on the circumference classes, the biomass obtained from pruning ranged from 45-63 to 1440-1160 kg tree -1 in green matter for Deheson and Cansinas, respectively.
In the sample, the firewood had 36-38% humidity and the brushwood 39-41% (57-61% in leaves and 38-40% in brushwood without leaves) in the El Dehesón and Las Cansinas sites respectively. Biomass increased with tree dimensions as shown in figure 2 . Table II shows the allometric relations found in the sample.
There are statistically significant relationships between the total biomass, firewood and brushwood and the breast height circumference over cork. The adjusted models explain 66-78% of the variability of the variables, and can therefore be considered acceptable.
Influence of pruning on cork yield
Table III presents information concerning the size of the trees studied. Mean values for the plot are given, and, in order to provide more detail about the sample analysed, the standard mean deviation, and the maximum and minimum values for circumference over cork.
The results per site (table III) showed a high variability in most of parameters considered. The coefficient of variation of the mean rate was 20% in most cases. Table IV gives information concerning variables characterizing the tree as a cork producer, such as the height to which the trunk is stripped, the total length of stripping, the surface area stripped, and the indices and coefficients of stripping which reveal the intensity of stripping.
The stripping coefficient (CS) is always under 2.6 in all sites (table IV) . Thus, the trees are not excessively stripped; if this was not the case the objective of the study would be affected. However a tree stripped only on the trunk may have the same coefficient as one stripped on both trunk and branches, but has to withstand a much lower pressure of stripping than the latter. In fact, when over a third of the surface area stripped is on the branches, it is recommended not to exceed a value of 2.5 for the cork stripping coefficient [9] .
The stripping index (IS) is a better indicator of stripping pressure on a tree. In all the test sites except that of Las Cansinas, the IS was between 29 and 33, lower than the values recommended by Montero [9] , who refers that a cork harvest can be obtained in a rational manner with stripping intensity values of less than 34-36. In the case of Las Cansinas, where most trees have been stripped on both trunk and branches, the stripping index is higher (45). We should to bear in mind that the stripping index is expressed by the coefficient between the surface area stripped and the area of the breast height section of the tree (1.30 m).
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I. Cañellas and G. Montero In order to prove that there were no statistical differences between the trees in each site, the paired data comparison test was applied so as to analyse possible differences between those variables measured directly in the field (COC, CUC, BC, MC, TC, SH and LS) and those worked out from the previous variables (SS, SST, SSB, IS and CS). This allows to as certain that the sample analysed was homogeneous, and that any differences in cork yield, would not be due to initial differences in the silvicultural conditions. There were no significant differences (t-test analysis for paired samples) for most of the variables, which seems to indicate that the silvicultural characteristics (tree size and intensity of cork stripping) of the paired trees are similar. In Las Cansinas there were differences in total stripping length, and thus in the indices measuring stripping intensity. These differences will need to be taken into account later when evaluating cork yield and thickness. Table V gives mean values for the cork yield per tree and per square metre of stripped surface, and the cork thickness for each site and treatment. It can be seen that Valcorchero (zone 1) has the highest mean yield values (>70 kg tree -1 ), while Dehesón del Encinar shows the highest values of cork weight per square metre stripped and of cork thickness. In Las Cansinas, the higher stripping intensity did not appear to have any negative influence on the mean cork production parameters. The mean productivity was 9.74 kg m -2 . Similar values have reported by other authors [6, 14] . Table VI gives the results of the paired data comparison test for the five sites. No significant differences were found for any of the three production variables: mean yield per tree, kilograms per square metre of surface area stripped, and cork thickness.
The differences, with regard to stripping length and the indices of stripping intensity, between pruned and unpruned trees in Las Cansinas, did not result in differences in the variables quantifying cork yield.
Influence of pruning on growth and thickness of cork
The cork growth rings for the two samples taken from each tree at the time of stripping were measured, and an arithmetic mean was calculated later. The results obtained for each site and treatment are shown in figures 3, 4, 5, 6 and 7. In the five figures only the whole cork growth years have been represented. Thus for nine-year rotations there will be 8 whole mean annual growths, and approximately two halfyears, corresponding to the first autumn following stripping and the last spring before a final stripping. Similarly, for tenand eleven-year rotations.
The annual cork growth the year after stripping was not the greatest in opposite the results reported by Ferreira et al. [4] . In our case, the greatest cork growth was obtained the second or third year after stripping.
A high annual cork growth variability was observed in all sites. This high variability could be explained through the preponderant effect of the tree like source of variation [4] .
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I. Cañellas and G. Montero ; WCSM: kg of cork per m 2 of stripped surface; n.s.: no significant differences at 95% confidence level; NP: no pruning.
In order to analyse the differences between growth rings the paired data comparison test was applied to the five test sites. There were no cases of significant difference in the cork annual year growth for the year of pruning, nor in the following years when compared with the unpruned trees.
In the years previous to the pruned, some differences were to find in the cork annual growth of the two groups of trees: in the Hergüijuela site in 1986 and 1987, and Las Cansinas sites for 1993.
Cork growth differences before and after pruning were analysed in every tree. No significant differences between pruned and unpruned trees were found for each experimental site.
DISCUSSION
As we have mentioned, our methods were designed to ensure that pruning did not exceed 30% of total crown biomass, and at first sight this seemed to be the case. However, when comparing the data for biomass extracted and for circumference over cork (table I) with those published by Montero and Curras [10] for the Cáceres area (for circumference classes between 130-140 cm the biomass obtained from moderate pruning was 2103 kg tree -1 in green matter of firewood and 130 kg tree -1 in green matter of brushwood), it appears that at times almost 40% of total crown biomass was pruned. It can be concluded that the pruning figures obtained in these two sites are considerably higher than those presented by the latter authors, for two main reasons: the pruning carried out in the Montero and Curras [10] study was relatively moderate, while in the present study the trees in the sample had not been pruned for a long time, and had abundant woody biomass in the crown. As we remarked in the Methods section, frequency of pruning is a determining factor in its intensity.
The equations obtained for estimating the woody biomass pruned conform with the methodology usually employed in these studies [1] [2] [3] 5] , and fit the measured data well in all the fractions analysed. Although the data were not sorted according to units of surface area, the equations derived from tree diameters would allow to estimate fairly accurate woody biomass pruned in a dehesa of a certain density and mean tree size.
This model could be considered like an approach to estimate de firewood with pruning in cork oak woodlands. Although the model only included like independed variable the breast height circumference, we have to take in account the height of these trees (pruning every 15-20 years) do not improve, normally, the adjustment.
There is not much data from earlier studies on the effect on pruning on cork yield with which to compare the results obtained from this study.
According to Natividade [13] the benefits obtained from rational pruning, carried out with biological rather than productivity-oriented aims, are indisputable; it creates better conditions for the cork-generating layer, rejuvenates the branch system, and increases growth rate and cork yield. Our results do not appear to confirm this, since neither the mean cork yield per tree, nor per square metre stripped, nor cork thickness seem to be affected by pruning. We may even consider the hypothesis that pruning, even of moderate intensity, results in an imbalance between the aerial and root biomass which, in turn, diverts energy to leaf production at the expense of cork yield.
From the point of view of cork yield, Natividade [11, 12] showed that an excessively pruned cork oak forest yields 20% less cork than others with similar characteristics (age, and silvicultural and ecological conditions) which had been moderately pruned, as a results from a diameter growth decrease of 20% in the excessively pruned plot.
We did not find this reduction in cork production immediately after pruning, presumably because pruning was not excessive on any of the trees in the five test sites. But neither we Effect of pruning on cork production 759 did note an increase in cork yield, as did Natividade [13] , when pruning was not excessive.
In our experiment the effect of pruning on cork thickness was measured in the immediately following years in four test sites, and the possible longer-term effects of pruning carried out before the current cork rotation period were measured in one test site.
In Valcorchero, zone 1, (figure 4) the effects of pruning carried out four years before stripping (P89) were compared with that carried out fourteen years before stripping (P80). The results showed no significant differences in cork growth.
In Valcorchero, zone 2, ( figure 5 ) and La Hergüijuela (figure 3) unpruned trees, or those pruned over twenty years before (NP) were compared with those pruned four years before the last stripping. This case, too, failed to reveal statistically significant differences in cork yield or yearly growth.
In the Las Cansinas ( figure 7 ) and El Dehesón (figure 6) test sites, trees pruned four years before stripping were compared with unpruned trees. Results in these two sites can be regarded as duplicating those in Valcorchero, zone 2, and in La Hergüijuela, though the additional information obtained about pruning intensity enables us to draw conclusions with greater confidence. In these cases, too, failed to reveal statistically significant differences in cork yield or yearly growth.
The varied nature of the test situations in this experiment cover a fairly wide range of the possible situations related to pruning in a cork oak forest. This, together with the ecological and silvicultural variability of the cork oak forests in which the experiments were carried out, permit us to assign a high degree of reliability to the results.
These results mean that we do not have to take common silvicultural practices like pruning into account when developing of growth and yield models cork production in cork oak stands. The effects in wood growth are not known until now.
Other effects produced by pruning damage, such as infection by fungi or insects, rotting, torn branches or physiological problems have not been measured in this experiment.
CONCLUSIONS
Pruning of strong (but not excessive) intensity does not significantly influence the quantity of cork produced by a tree, nor the cork produced per square metre of the stripped surface area, nor the thickness of annual growth produced after pruning. These results mean that we do not have to take common silvicultural practices like pruning into account when developing of growth and yield models cork production in cork oak stands.
